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Quantum mechanics allows for the superposition of quantum states, thereby bringing about the great success
of quantum communications. Recently, in the so-called quantum switch, the relative orders between quantum
operations can also be coherently controlled with the help of an auxiliary system. In conventional quantum
Shannon theory, however, communication channels are assumed to be combined in a classical way. Relaxing
this assumption, it was shown theoretically that one can transmit information through a quantum switch. Here,
we experimentally demonstrate this enhancement on the rates of communication for both classical and quantum
information with the help of an optical quantum switch. Our results present evidence of the advantages of the
superposition of causal orders in the communications domain.
Introduction.— In quantum mechanics, the unique fea-
tures such as superposition and entanglement of quantum
states, offer tremendous advantages over their classical coun-
terparts. In communications theory, Shannon’s classical in-
formation theory [1] is superseded by quantum Shannon the-
ory [2], resulting in increased transmission rates [3] and un-
conditional security [4]. Nevertheless, quantum Shannon the-
ory remains conservative in approach, as channels are treated
classically in information transformation processes (generally
as shown in Fig. 4 (a)).
Under the theme of quantum causality [5], which defines
the links between quantum operations that temporally follow
one another in a quantum process, novel effects were discov-
ered that would appear when the causal orders of the quantum
operations are controlled coherently. One of the most fasci-
nating attributes of these processes, called causally nonsepa-
rable [6–8], has been realized with the help of a clever device
called quantum switch [9–11]. In a quantum switch, the causal
orders of local operations are controlled coherently with a
quantum qubit, and therefore can get correlated [6]. These
causal correlations provide a novel quantum resource [12, 13]
and therefore offer advantages in many quantum tasks, such
as reductions in computational [14] and communications [15]
complexity. Recently, superpositions of quantum channels or
their causal orders were also shown to give a quantum ad-
vantage in communications compared with that afforded by
conventional quantum Shannon theory [16–20].
Here we show a dramatical boost in the communications
rate of both classical and quantum information when, with the
help of an optical quantum switch, the superposition of the
causal orders of two channels is achieved. For the classical
capacity C [21, 22], we follow the proposal given in Ref. [16],
as also shown in Fig. 4 (b), where the orders of two identical
copies of a completely depolarizing channel (DC) are com-
bined coherently. Regarding quantum capacity Q [23–26],
however, the enhancement is much more obscure, because
no quantum information can be transmitted through the self-
switched channel [16]. Fortunately, we discovered that this
advantage could be revealed by designing a conditional quan-
Source Encode Channel Decode
I
N1
N0
A
M
B
(a)
(b) ( c)
D C0 D C1
D
 C0
D C1
FIG. 1. Scheme. (a) Transmitting information through an informa-
tion channel. The sender encode information that is transmitted onto
an input state, which passes through a channel and is then decoded by
the receiver, who subsequently recovers the information. (b) Quan-
tum superposition of two quantum channels with the help of quantum
switch. (c) Diagrammatic representation of a conditional quantum
channel. The register M determines whetherN0 orN1 is used. DC:
depolarizing channel, I: identity channel.
tum channel (CQC) [27, 28] (see Fig. 4 (c)). In the CQC, the
register M determines whether the input state passes through
N0 (composed of two completely DCs in our case) or N1
(identity channel here) following a certain probability distri-
bution. We show that combining N0 with a coherent order
enhances the conveying rate of quantum information, com-
pared with those when the causal order of the channels is
treated classically. We then experimentally investigated these
communications advantages by realizing the proposed self-
switched channel and our designed CQC, respectively.
We remark that these methods presented here can be ap-
plied to generally noisy channel as there exist non-commuting
operators in its Kraus decomposition. The quantum channels
are characterized via quantum process tomography [29–31],
which can provide a complete reconstruction of a channel and
therefore lead to an evaluation of all its communications prop-
erties. To obtain compelling data, we use a phase locked sys-
tem composed of piezoelectric transducer (PZT). The visibil-
ity of the Mach-Zehnder interferometer in the quantum switch
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2remained 0.979 for several hours.
Communication through switched channels.— Given a
quantum input state ρ, a DC ε with probability p for qubits
is given by [32]
ED(ρ) = (1− p)ρ+ (p/3)(σxρσx + σyρσy + σzρσz) (1)
where σi (i = x, y, z) are the Pauli matrices. With a com-
pletely DC (denoted ND in this paper) for which p = 34 ,
the sender can not convey classical information to the re-
ceiver, even if the channel is used infinitely many times in
parallel or in series. Using a quantum switch, however, two
completely DCs combined in an indefinite causal structure
(Fig. 4(b)), denoted N SD, can be used to communicate clas-
sical information at a non-zero rate [16]. In particular, when
the control and target systems are prepared in a fixed state
ρc = |+〉〈+|c [33]and an arbitrary state ρ, then the receiver
receives the output state
N SD(ρ⊗ ρc) = 1
2
(|0〉〈0|c + |1〉〈1|c)⊗ I
2
+
1
2
(|0〉〈1|c + |1〉〈0|c)⊗ ρ
4
(2)
If the control system is measured in the Fourier basis
{|+〉, |−〉}, the receiver obtains the conditional states
〈±|N SD(ρ⊗ ρc)|±〉 = I
4
± ρ
8
(3)
Therefore, the receiver can extract non-zero information from
the ′+′ port and ′−′ port of the quantum switch respectively.
Considering only the ′+′ port, the conditional state is |φ〉+ =
2
5 I +
3
5ρ after normalization. We then find that the action of
this structure on the input state ρ is equivalent to a DC with
p = 35 ; specifically,
N SD+ (ρ) =
2
5
ρ+
1
5
(σxρσx + σyρσy + σzρσz) (4)
where subscript ′+′ refers to the conditional state of the
′+′ port. This equivalence implies that, when aided by the
quantum switch, entanglement fidelity [24] is enhanced. In
the following, we show that this enhancement indicates that
the quantum switch instigates communications capability of
quantum information that can be detected in experiment using
a designed CQC.
The quantum capacity of the DC in Eq. (8) is still unknown,
because a regularization procedure is required over the infinite
number of channels used. Lacking an effective solution of
this regularization, we are restricted to situations when sender
and receiver are available to a single-use quantum channel to
calculate the one-shot quantum capacity of the channels. The
calculation provides a lower bound to the quantum capacity.
In such instances, the amount of quantum information that can
be transmitted is
Q1 = max
ρ
Ic (5)
where Ic denotes the coherent information [34]
Ic = S[E(ρ)]− Se(ρ, E) (6)
In Eq. (13), S(ρ) = −Tr[ρlog2ρ] is the von Neumann
entropy and Se(ρ, E) represents the entropy exchange, i.e.,
Se(ρ, E) = S[(IR ⊗ E)(|Ψρ〉〈Ψρ|)], where |Ψρ〉 is any purifi-
cation of ρ using a reference quantum system R; specifically,
ρ = TrR[|Ψρ〉〈Ψρ|].
An arbitrary qubit state ρ can always be expressed as ρ =
α0|φ〉〈φ|+α1|φ⊥〉〈φ⊥|, where |φ〉 = cos(θ)|0〉+sin(θ)eiψ|1〉
and |φ⊥〉 = sin(θ)|0〉 − cos(θ)eiψ|1〉 are basis states with
α0+α1 = 1. Its corresponding purified state can be written as
|Φ〉 = √α0|φ〉|0〉 +√α1|φ⊥〉|1〉. Hence, the coherent infor-
mation Ic depends on three independent parameters, namely,
α0, θ, and ψ, and can be calculated in numerical simulations
provided the action of the channel on the input state is known.
The action of a channel can be reconstructed by quantum pro-
cess tomography and represented by its process matrix.
In Ref. [35], it provided an upper bound Q ≤ 1−4p to DC’s
quantum capacity. This indicates Q = 0 for p ≥ 14 . Therefore,
the quantum capacity of N SD is zero and hence is unable to
reveal any enhancement from quantum switch. Fortunately, a
CQC helps to raise the effective value of p of a DC. For the
CQC shown in Fig. 4 (c), the register M determines whether
the input state passes through N0 or N1. In our case, one of
the two channels is two completely DCs combined classically
and the other is an identity channel. In particular, we con-
sider a channel for which the input state is transmitted through
N0 with probability q = 4/15; otherwise, it passes through
N1. We denote this channel as MD. Alternatively, we can
switch the two completely DCs in channel N0 to coherently
control their causal order and finally obtain a channel denoted
asMSD. We calculate the coherent information of channels
MD andMSD by setting values to parameters α0, θ, and ψ,
finding the maximal values to be 1.19× 10−14 and 0.112, re-
spectively (refer to Supplementary Material for more details).
Our results indicate that the quantum switch with two DCs in
the CQC can be used to communicate quantum information at
a non-zero rate, a task that is otherwise impossible when the
channels are combined classically.
Experimental setup.— The experimental setup is shown
in Fig. 5. A cw violet laser working at 404 nm was used to
pump type-II cut periodically-poled Potassium Titanyl Phos-
phate (ppKTP) crystal to generate photon pairs of degenerate
wavelength 808nm. The idler photon was used as a herald
and the target photon was fed into the quantum channel af-
ter encoding by the sender and then detected by the receiver.
The N0 and N1 modules act to switch the two DCs and the
identity channel. When BS1 and BS4 were removed from the
photon path, the N0 module formed the channel N SD, the
classical capacity of which was detected. When they were
reinserted, theN0 andN1 modules formed the channelN SD,
which we designed to certify that the quantum switch was ca-
pable of communicating quantum information. For q = 415 to
hold, i.e., a photon passing through N0 with probability 415 ,
the T/R ratio of BS1 and BS4 were both set to 37.6/62.4.
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FIG. 2. Experimental setup. A cw violet laser (power is 2 mW, working at 404 mm) is incident on and pumps a type-II cut periodically poled
potassium titanyl phosphate (ppKTP) crystal generating photon pairs. One of the photons acts as a trigger and the other is used to transmit
information from sender to receiver. The N0 module is a quantum switch, in which the spatial degree of freedom acts as the control system
and where target state is encoded in the photon’s polarization. The depolarizing channels, DC0 and DC1, are each composed of two QWPs
and a HWP. A trombone-arm delay line and a PZT are used to set the path length and the relative phases of the interferometer. When inserting
BS1 and BS4, theN0 andN1 modules form the channelMSD . Finally, the photon is measured and detected by the receiver. HWP: half wave
plate; QWP: quarter wave plate; PBS: polarizing beam splitter; IF: interferometer filter; APD: avalanche photon diode; BS: beam splitter (BS1
and BS4: T/R = 37.6/62.4; BS2 and BS3: T/R = 50/50).
In the N0 module, we assembled two quarter wave plates
(QWP) and a half wave plate (HWP) to achieve the opera-
tions I, σx, σy , and σz . After these four operations were ap-
plied in four separate experiments, a completely DC can be
obtained by post-processing the experimental outcomes. Spa-
tial modes, which were introduced by BS2 (T/R = 50/50)
in Fig. 5, acted as the control qubit to switch the two DCs.
BS3 was used to project the control qubit onto the Fourier
basis {|+〉, |−〉}, whereas HWPs were used after BS2 and be-
fore BS3 to compensate the reflection phases introduced by
the BSs.
Verification of classical capacity.— To fully characterize
the action of the channel ε on an arbitrary input state ρ, we
performed quantum process tomography, where the sender
prepared signal states |H〉, |V 〉, |D〉, |A〉, |R〉, and |L〉 and
the observables σx, σy , and σz were measured by the re-
ceiver. After reconstructing the process matrix γ, the output
state ε(ρ) can be expressed as ε(ρ) =
∑
ij γijEˆiρEˆ
†
j , where
the basis set Eˆ consists of Pauli operators {I,X,Y,Z}. In this
representation, the process matrix γ completely and uniquely
characterizes the physical process ε. To overcome the strong
phase drift in the interferometer of the quantum switch, we
used a phase-locked system comprising a piezoelectric trans-
ducer, and the visibility remained 0.979 in two hours as pre-
sented in Supplementary Material. Our experiment required
6× 16× 3 = 288 measurement settings, each setting took 4 s
to collect the data and 3 s to set the angles of the HWPs and
QWPs. Hence, the total measurement time was under 35 min.
During this time, with a pump power of 2 mW, more than
5.9 × 105 coincidences were recorded. The visibility of our
setup during this time was maintained at high quality.
We next reconstructed the process matrix for the chan-
nel N SD; see Fig. 6 (a) (the imaginary part is presented in
Supplementary Material). The fidelity is 0.9989 ± 0.0001,
thereby establishing the high quality of our channel. The
classical capacity of a noisy channel [21, 22] is given by
C = maxp(x)H(X : Y ), where x is in the space of the
signals that are encoded X, and H(X : Y ) the mutual in-
formation of X and the space of the received signals Y. The
maximum is taken over all input distributions p(x). The mu-
tual information is
H(X : Y ) =
∑
y∈Y
∑
x∈X
p(x)p(y|x) log p(y|x)∑
x∈X p(y|x)p(x)
(7)
where p(y|x) is the conditional detection distribution of re-
ceiving y given that x was sent. In our experiment, we
chose three kinds of signal space X, specifically, {|H〉, |V 〉},
{|D〉, |A〉}, and {|R〉, |L〉}; the input distribution p(x) is set
to be balanced. Finally, we obtained the respective clas-
sical capacities of 0.0240 ± 0.0010, 0.0263 ± 0.0011, and
0.0235± 0.0009 (Fig. 6 (b)). The experimental results match
well the theoretical value of 0.029. For comparison, the clas-
sical capacity of channelND, which is composed of two com-
pletely DCs combined in fixed order, is zero. Our experimen-
tal results violate this limit by at least 23.9 standard deviations,
demonstrating that the quantum switch could help to enhance
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FIG. 3. Experimental results for (a-c) classical and (d-f) quantum information. (a) The real part of the process matrix for channel NSD . (b)
The classical capacity for channel NSD , when encoding and decoding with H/V, D/A, and R/L. Results from theory and experiments are
represented by red and green bars respectively. (c) The fidelities of the output states when sending states |H〉, |V 〉, |D〉, |A〉, |R〉, and |L〉
through the channel. (d) The real part of the process matrix for channelMSD . (e) The coherent information Ic for the conditional channel
calculated from the matrix in (d) by scanning θ and α0, with ψ = 0.223pi. (f) The coherent information as a function of α0, while restricting
θ = 0.275pi and ψ = 0.223pi. The red dots and blue line represent results calculated from the process matrix in (d). The black curve represents
the theoretical results. Error bars are estimated from Monte Carlo simulation.
the ability of communicating classical information. We also
present, as in Fig. 6 (c), the fidelities of the output states when
the sender prepared the states |H〉, |V 〉, |D〉, |A〉, |R〉, and
|L〉. The average fidelity of these states is 0.9987.
Verification of coherent information.— Fig. 6 (d-f) shows
the experimental results for the detection of coherent infor-
mation of the CQC MSD. Fig. 6 (d) shows the real part of
its process matrix (the imaginary part is presented in Supple-
mentary Material); the fidelity is 0.9982 ± 0.0004. With the
reconstructed process matrix, we systematically searched for
the maximal value of the coherent information Ic as a func-
tion of α0, θ, and ψ. With α0 = 0.501, θ = 0.275pi, and
ψ = 0.223pi, we obtained a maximal value for Ic of about
0.074 ± 0.004. The result is shown in Fig. 6 (e), where we
varied α0 and θ and fixed ψ = 0.223pi. Represented by the
blue curve and red dots in Fig. 6 (f), the coherent information
of the channel is furthermore shown as a function of α0 with
fixed θ = 0.275pi and ψ = 0.223pi. For comparison, the the-
oretical prediction (black line) is drawn the maximal value of
Ic being 0.112. The error bars are estimated by Monte Carlo
simulations.
We repeated the analysis for the channelMD, the quantum
switch of which is not used in the N0 module. The results
show that the maximal value of the coherent information is
approximately 1.19×10−14 (refer to Supplementary Material
for more details). Our result for the coherent information of
the channelMSD violates this bound by 18.5 standard devia-
tions. We conclude that the quantum switch helps to enhance
the capability to communicate quantum information.
To date, we have only considered the ′+′ port of the quan-
tum switch treating the ′−′ port as a source of channel loss.
This is reasonable as in practice loss is inevitable. Neverthe-
less, in Supplementary Material, we demonstrate that it can
transmit information if it is accessible to the receiver.
Conclusion.— In this work, we have shown that by com-
bining communication quantum channels in a quantum super-
position of two alternative orders we can enhance the chan-
nel’s capability to transmit both classical and quantum infor-
mation. In particular, we realized two experiments to verify
these advantages: (1) by switching two copies of completely
DCs, the sender can convey classical information to the re-
ceiver at a non-zero rate; and (2) by switching two copies of
5completely DCs in a designed CQC, quantum information can
be transmitted from the sender to the receiver. These tasks,
in contrast, cannot be achieved when the channels are treated
classically. Though similar communication advantages can
also be revealed by coherent control of quantum channels
without indefinite causal orders [19], there exists fundamental
differences between the two types of quantum interferences—
one arising from superposition of paths in space, and the other
from superposition of orders in time. For the scenario utilizing
coherently controlled channels, the output states, thus the ca-
pacities depend on the implementation of the channels, while
no such dependence exists for the scenario utilizing indefi-
nite causal orders. Besides, superposition of causal orders can
give rise to extreme communication advantages, which can-
not be obtained by controlling quantum channels coherently
only [20]. Our results pave the way to further investigation in
communication theory, where the order of the channels can be
in a quantum superposition.
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Supplementary Materials
Phase locking effect.— We used a phase locked system composed by piezoelectric transducer to overcome the phase drift of
the Mach-Zenhder (MZ) interferometer in the quantum switch caused by environment disturbance. We observed, as shown in
Fig. 4, the phase stability of the MZ interferometer for two hours, between which an extra relative phase of pi was added between
the two spatial modes at the point of one hour. The overall visibility during this time was 0.979.
FIG. 4. Result of visibility of the MZ interferometer in two hours. At the point of 1 hour, an extra phase of pi was added between spatial mode
1 and spatial mode 2. The overall visibility remained 0.979 during this period.
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FIG. 5. Quantum switch and conditional quantum channel (a) Quantum superposition of two quantum channels with the help of quantum
switch. (b) Diagrammatic representation of a conditional quantum channel. DC: depolarizing channel.
Extra information for the experimental results.— In the following, we’ll give more details for the calculation of coherent
information of channelsMD andMSD we discussed in the main text. Considering a conditional channel as shown in Fig. 5 (b)
(and also shown in Fig.1 (c)in the main text), the register M determines whether N0 or N1 is used. For the channelMD, N0 is
composed of two completely depolarizing channels (DC) combined in a fixed order, while the N1 channel an identity one. The
7register M in our case makes the photon passing through channel N0 with a probability of 415 and otherwise through channelN1. The action ofMD channel on the input state ρ can be represented as
MD(ρ) = 11
15
ρ+
4
15
× 1
4
(ρ+ σxρσx + σyρσy + σzρσz)
=
4
5
ρ+
1
15
(σxρσx + σyρσy + σzρσz)
(8)
where the first equality comes from the action of a completely DC on the input state (see Eq. (1) in the main text). With the
reconstructed process matrix (composed of the coefficients in Eq. (8)) ofMD, we searched for the maximal value of the coherent
information Ic and obtained the maximal value is about 1.19× 10−14 when α = 0, θ = 0.860pi, and ψ = 0.760pi. The result is
shown in Fig. 6 (c), where we scanned α0 and θ and restricted ψ = 0.760pi. The coherent information Ic is further shown as a
function of α0 with θ = 0.860pi and ψ = 0.760pi (Fig. 6 (d)). From these results, we can conclude that the quantum channelN2
is a good approximation to a zero-capacity quantum channel.
(b) ( c) (d)(a)
FIG. 6. Extra information for the experimental results. (a-b) shows the imaginary parts of the process matrices for channel NSD and channel
MSD . (c) Coherent information Ic of channelMD which is composed of two completely depolarizing channel (combined in fixed order)
and an identity channel. The result is obtained by scanning α0 and θ with ψ = 0.760pi. (d) Coherent information of the channel as a function
of α0, restricting θ = 0.860pi and ψ = 0.760pi.
Otherwise, if the two completely DCs inMD are got switched, we obtain the channelMSD. The channel can be represented
as
MSD(ρ) = 11
15
ρ+
4
11
(
2
5
I +
1
5
ρ)
=
21
25
ρ+
4
75
(σxρσx + σyρσy + σzρσz)
(9)
where the first equality comes from the action of channelN SD in the main text. In the main text, we have shown that a non-zero
rate of quantum information can be transmitted through this channel.
As shown in Fig. 6 (a-b), we present the imaginary parts of the process matrices for the N SD and MSD channels in our
experiment. All the elements of the matrices are approximately zero as expected.
Using the ′−′ port’s output state to transmit information.— Under the conditions we assigned in the main text, the ′−′ port’s
output state is |φ〉− = 23I − 13ρ after normalization. This is in fact equivalent to a depolarizing channel with p = 1, namely,
N SD− (ρ) =
1
3
(σxρσx + σyρσy + σzρσz) (10)
Considering the classical capacity of channel N SD− , the mutual information is
H(X : Y ) =
∑
y∈Y
∑
x∈X
p(x)p(y|x) log p(y|x)∑
x∈X p(y|x)p(x)
(11)
where p(y|x) is the conditional detection distribution of receiving y given that x was sent. When choosing the signal space
X = {H,V }, we obtain the mutual information to be 0.0817 with balanced input distribution. It’s worth noting that the
8conditional detection distribution is p(H|H) = 13 , p(V |H) = 23 , p(V |V ) = 13 , and p(H|V ) = 23 . When performing a
σx operation on the output state of N SD− , we get a new conditional detection distribution as p(H|H) = 23 , p(V |H) = 13 ,
p(V |V ) = 23 , and p(H|V ) = 13 , which is more consistent with the common used encoding and decoding strategy. It is
reasonable because such σx operation does not change the channel’s information capacity. In this case, the action of channel
N SD− becomes
N SD− (ρ) =
1
3
σx(σxρσx + σyρσy + σzρσz)σx
=
1
3
(ρ+ σyρσy + σzρσz)
(12)
(b) ( c)(a)
FIG. 7. Results of the ′−′ port. (a) shows the process matrix of channelMSD . (b) Coherent information Ic for channelMSD . The result is
obtained by scanning α0 and θ with ψ = 1.823pi. (d) Coherent information for the channel as a function of α0, restricting θ = 0.586pi and
ψ = 1.823pi.
We now turn to the calculation of the coherent information of the ′−′ port. Using the ′−′ port, the action of channelMSD
can be represented as
MSD− (ρ) =
11
15
ρ+
4
15
σx(
2
3
I − 1
3
ρ)σx
=
37
45
ρ+
4
45
(σyρσy + σzρσz)
(13)
where the first equality comes from Eq. (12). With the process matrix (composed of the coefficients in Eq. (13) and shown in
Fig. 7 (a)) ofMSD, we searched for the maximal value of the coherent information Ic and obtained the maximal value is about
0.1470 (obtained when α0 = 0.500, θ = 0.586pi, and ψ = 1.823pi). The result is shown in Fig. 7 (b), where we scanned α0 and
θ under the condition of restricting ψ = 1.823pi. In Fig. 7 (c), the non-zero coherent information is further shown as a function
of α0 with θ = 0.586pi and ψ = 1.823pi. From these results, we can conclude that non-zero rate of quantum information can be
transmitted through the channelMSD when the receiver is available to the ′−′ port of the switch.
